Aims Peripheral populations of plant species are often characterized by low levels of genetic diversity as a result of genetic drift, restricted gene flow, inbreeding and asexual reproduction. These effects can be exacerbated where range-edge populations are fragmented. The main aim of the present study was to assess the levels of genetic diversity in remnant populations of Hypopitys monotropa (syn. Monotropa hypopitys; yellow bird's nest) at the edge of the species' European range in Northern Ireland, since these remnant populations are small and highly fragmented. † Methods Every plant found through surveys of 21 extant populations was genotyped for eight microsatellite loci to estimate levels and patterns of genetic diversity and clonality. † Key Results Levels of genetic diversity were relatively high in the populations studied, and the incidence of clonal reproduction was generally low, with a mean of only 14 . 45 % of clonal individuals. Clones were small and highly spatially structured. Levels of inbreeding, however, were high. † Conclusions The observed low levels of clonality suggest that the majority of genets in the populations of H. monotropa studied are fertile and that reproduction is predominantly sexual. As the species is highly self-compatible, it is likely that the high levels of inbreeding observed in the populations in the present study are the result of self-pollination, particularly given the small numbers of individuals in most of the patches. Given this extent of inbreeding, further genetic monitoring would be advisable to ensure that genetic diversity is maintained.
INTRODUCTION
In plants, contemporary factors determining levels of within and between population genetic variation are often associated with differences in mating systems (sexual vs. asexual, selfing vs. outcrossing) and since many species of plant display flexibility in reproductive strategy, differing modes of reproduction under a variety of environmental conditions directly affect levels of diversity. Clonal reproduction is widespread in plants and can occur via vegetative spread, resulting in the creation of one or more genetically identical ramets, which have grown from an original progenitor plant (genet). Clonal growth has long been viewed as a mechanism to allow an individual to persist in adverse conditions, and factors causing plants to make the switch from sexual to clonal reproduction are often correlated with suboptimal environmental conditions (Tybjerg and Vestergaard, 1992; Eckert, 2002; Honnay and Bossuyt, 2005; Silvertown, 2008) . Advantages of clonal reproduction in such marginal habitats include the ability to produce new individuals in the absence of a mate and relative speed of development and hardiness of ramets relative to seedlings.
Habitat fragmentation and loss have also been implicated in causing plant populations to allocate more resources to vegetative reproduction (Smith et al., 2003; Lhullier et al., 2006) . Population fragmentation is a common occurrence at the edge of a species' ecological range, due to a lack of suitable habitat (Soulé, 1973; Shumaker and Babble, 1980; Brown, 1984; Caughley et al., 1988) . These peripheral populations tend to be characterized by low levels of within-population genetic diversity combined with high levels of genetic differentiation between populations (Vucetich and Waite 2003; Eckert et al. 2008) , and these could be compounded by asexual reproduction or processes such as geitonogamy, i.e. cross-fertilization between ramets of the same genet. It has also been suggested, however, that these range edge populations may be more likely to harbour some degree of adaptive potential that the species may ultimately need to survive the changing conditions arising from present-day global warming (Lesica and Allendorf, 1995; Booy et al., 2000; Hampe and Petit, 2005) .
Hypopitys monotropa (Ericaceae; syn. Monotropa hypopitys), commonly referred to as yellow bird's nest or pinesap, is a herbaceous perennial plant found in temperate regions within Europe, Asia and North America. Throughout its range the species is considered scarce (Wallace, 1975) , and within the UK most of the extant populations are mainly restricted to the south-eastern counties of England. In Northern Ireland, the species exists at the western edge of its distribution range in Europe and is extremely rare due to the limited occurrence of its preferred temperate woodland habitat, and it now occurs only in two regions, namely around the Lower Lough Erne region in Co. Fermanagh, and in a small stretch of woodland along the Co. Antrim coast at Straidkilly (Fig. 1) . The species is a self-compatible hermaphrodite and plants can reproduce both sexually and clonally. Hypopitys monotropa is epiparasitic, persisting underground for the majority of the year and producing aerial spikes from late July until late September. Insect pollinators have been noted visiting the flowers (Wallace, 1977) , and when seed production does occur, persistence of seedlings is dependent on the presence of mycorrhizal fungi of the genus Tricholoma, as is the case with many members of the Ericaceae (Bidartondo and Bruns, 2001; Leake et al., 2004) . The main aim of the present study was to assess the levels of genetic diversity in the remaining populations of H. monotropa in Northern Ireland. A previous study on another member of the Monotropoideae, Orthilia secunda, which also exists as a series of small, highly fragmented populations at the edge of its range in Northern Ireland, revealed extremely high levels of clonality (Beatty et al., 2008) . Each population comprised a single clone, with a complete lack of within-population genetic variation. Consequently, we were particularly interested in determining whether these peripheral populations of H. monotropa were also characterized by high levels of clonal growth, since extant populations of both species are restricted to the same two areas and since such data is important for the formation of rational, sustainable conservation measures for these threatened populations. Order (1985) and, as such, it is an offence to pick, uproot or destroy the plant. Consequently, two scales were taken from each plant and stored in silica gel for transportation to the laboratory. DNA was extracted from one scale per individual using the Qiagen DNeasy Plant Mini Kit, after an initial 3-min grinding at 30 Hz using a Retsch MM300 mixer mill. DNA was quantified visually on 1 % agarose gels stained with ethidium bromide and diluted to a concentration of 50 ng mL 21 for subsequent PCR.
MATERIALS AND METHODS

Surveys and study populations
Microsatellite genotyping Individuals were genotyped for five H. monotropa microsatellite loci previously described in : Mono02, Mono15, Mono20, Mono21 and Mono22. Three additional loci developed for this study using the ISSR-cloning technique outlined in Provan and Wilson (2007) were also used (Table 2) . Forward primers were modified by the addition of a 19-bp M13 tail (5 ′ -CACGACGTT GTAAAACGAC-3') and reverse primers were modified by the addition of a 7-bp tail (5'-GTGTCTT-3'). PCR was carried out in a total volume of 10 mL containing 100 ng genomic DNA, 10 pmol of dye-labelled M13 primer (6-FAM or HEX), 1 pmol of tailed forward primer, 10 pmol reverse primer, 1× PCR reaction buffer, 200 mM each dNTP, 2 . 5 mM MgCl 2 and 0 . 25 U GoTaq Flexi DNA polymerase (Promega). PCR was carried out on a MWG Primus thermal cycler using the conditions described in and genotyping was carried out on an AB3730xl capillary genotyping system. Allele sizes were scored in GENEMAPPER V4 . 1 (Applied Biosystems) using LIZ-500 size standards and were checked by comparison with previously sized control samples.
Data analysis
As H. monotropa possesses the capacity for clonal reproduction, clonemates were identified by calculating the probability (P GEN ) of each multi-locus genotype (MLG) arising through sexual as opposed to clonal reproduction following the method of Parks and Werth (1993) :
where h is the number of loci at which the genotype is heterozygous, x 1i is the allele frequency of the first allele in the genotype at locus i, x 2i is the allele frequency of the second allele in the genotype at locus i. The observation of heterozygosity allows the differentiation between genetic identity due to clonal propagation and identity due to inbreeding or selfing, which would lead to an increase in homozygosity. Samples which shared MLGs with P GEN , 0 . 05 were considered clonemates and identified as such on the maps, and duplicate genotypes were removed from subsequent analyses. P GEN values were calculated using the GENCLONE software package (V2 . 0; Arnaud-Haond and Belkhir, 2007) . Levels of expected heterozygosity (H E ) based on nuclear microsatellite allele frequencies were calculated using the ARLEQUIN software package (V3 . 01; Excoffier et al., 2005) for populations with a sample size of N ≥ 5. The significance of differences in values of H E between years was estimated using two-tailed paired t-tests, and a Spearman's rank correlation coefficient was calculated to test for any association between population size and genetic diversity. Levels of clonal diversity were estimated by calculating genotypic richness (R), defined as (G -1)/(N -1), where G is the number of MLGs and N is the number of plants in the population. Where samples were located in successive years, an estimate of population size was derived using a simple capture-recapture formula (number of MLGs in year 1 × number of MLGs in year 2 4 number of MLGs identified in both years). Inbreeding coefficients (F IS ) were estimated using the GENEPOP software package (V4.0.1.0; Raymond and Rousset 1995) . To test for genetic differences in populations between successive years, analyses of molecular variation (AMOVA) were carried out using the ARLEQUIN software package (V3 . 01; Excoffier et al., 2005) . AMOVAs were also carried out to determine the levels of genetic differentiation between populations within a location.
RESULTS
The present occurrence of Hypopitys monotropa in Northern Ireland would appear to be restricted to four locations in Co. Fermanagh (Castle Caldwell, Correl Glen, Ely Lodge and Knockninny) and one location in Co. Antrim (Straidkilly), although the Knockninny population was not found in the second year of surveying. The population recorded from Errigal Banks, Co. Londonderry was not found in either of the years surveyed and is most likely now extinct. Populations tended to be very small, generally with less than ten spikes per patch, although two large populations were found in Straidkilly in both 2009 and 2010 (Table 1) . Some notable changes in population size were observed over successive years, including growth from a single spike to nine spikes in Correl Glen population CG1 and from five to 19 spikes in Ely Lodge population EL3, and a decrease from 16 to four spikes in Ely Lodge population EL2. Between ten and 23 alleles were detected at the eight microsatellite loci analysed (mean ¼ 14 . 75). All identical MLGs had P GEN values of ,0 . 001, confirming that they arose via asexual reproduction. Identification of clonemates based on identical MLGs indicated that the levels of clonal reproduction were generally low, with a mean of only 14 . 45 % of clonal individuals (Table 1) . Identical MLGs were always highly spatially structured and generally small (Figs 2 and 3 ; also see Figs S1-S25 in Supplementary data available online). Usually, these involved pairs of clonemates within 10 cm of each other, although larger clones were detected [e.g. five ramets spanning 40 cm (Straidkilly population S1, 2009; Fig. 2 ) and two identical MLGs separated by 60 cm with no intervening spikes (Ely Lodge population EL2, 2007; Fig. 3) ]. In total, 38 MLGs were represented by two ramets, 12 by three ramets and two each by four and five ramets. The percentage of MLGs persisting in a population across both years of study (in cases where N was greater than 1) ranged from 20 % (Ely Lodge population EL3) to 85 % (Ely Lodge population EL4; Table 1 ).
Levels of within-population expected heterozygosity (H E ) calculated for populations with N ≥ 5 (Table 3) The AMOVA analyses revealed no significant genetic differentiation in populations across successive years (data not shown). Significant levels of genetic differentiation between populations within locations were detected in five of the six analyses, with between 7 . 07 % and 19 . 59 % of the total observed variation existing between populations within a region (Table 4) .
DISCUSSION
Genetic diversity and levels of clonality in peripheral populations of Hypopitys monotropa Despite occurring in small, highly fragmented populations in Northern Ireland, Hypopitys monotropa exhibited relatively high levels of within-population genetic diversity. The observed mean clonal diversity (R) value of 0 . 804 was very high compared with the average value for clonal plants (R ¼ 0 . 17) reported by Ellstrand and Roose (1987) . This figure was also at the upper end of the range of more recently published values for understorey herb species [0 . 08, Uvularia . These high levels of diversity are in stark contrast to those observed in Orthilia secunda, another member of the Monotropoideae that is restricted to the same two locations in Northern Ireland. A previous study on this species (Beatty et al., 2008) revealed that each population comprised a single clone. Both species currently exist in highly fragmented populations at the edge of their ranges in the same areas in Northern Ireland, but H. monotropa is primarily a temperate species whereas O. secunda generally has a more boreal distribution. It is thus possible that climatic factors have influenced the switch to extensive clonal growth in the latter species. Nevertheless, although H. monotropa exhibited far higher diversity than O. secunda in Northern Ireland, levels of expected heterozygosity were significantly lower than those calculated from populations in the main part of the species' distribution range in Europe (Mann-Whitney U-test P ¼ 0 . 002; Beatty and Provan, 2011) . Such a decrease in genetic variation in range-edge populations has also been reported in other clonal plant species (Lammi et al., 1999; Billingham et al., 2003; Jump et al., 2003; Alberto et al., 2006; Eckstein et al., 2006) . Clones in H. monotropa were small, extending at most over a few tens of centimetres. In most cases, they were pairs of very closely spaced, adjacent MLGs as found in previous studies on other clonal plant species (Harada et al., 1997; Holderegger et al., 1998; Suzuki et al., 2006) . In addition, identical MLGs were never found interspersed with other MLGs. Thus, the mode of clonal spread in H. monotropa would appear to conform to the 'phalanx' dynamic, where clones are characterized by compact growth forms, rather than the 'guerrilla' pattern, where longer rhizomes are intermingled, giving rise to clusters of different ramets (Lovett Doust, 1981; Humphrey and Pyke, 1998) . These small clones are again in contrast to those observed previously in O. secunda, where several large monoclonal patches were found, including one comprised of approx. 600 individuals covering an area of approx. 300 m 2 (Beatty et al. 2008 ). Furthermore, populations of H. monotropa in the present study did not appear to be composed of the entirely same clones across both years of study, although the overall genetic difference between years was non-significant. The observed low levels of clonality suggest that most genets in the populations of H. monotropa studied are fertile and that reproduction is predominantly sexual. The observed levels of inbreeding, however, were high in almost all of the populations studied. A previous study on the reproductive ecology of the genus Monotropa and the related genus Monotropsis identified differences in levels of autogamous seed set in the two colour morphs of H. monotropa that are found in North America ). Both the red and yellow forms (the yellow form being the morph found in Britain and Ireland) were highly self-compatible, but only the yellow form set substantial amounts of autogamous seed after self-pollination. Thus, it is likely that the high levels of inbreeding observed in the populations in the present study are the result of self-pollination, particularly given the small numbers of individuals in most of the patches. Being self-compatible, however, means that H. monotropa does not face the same problems of complete loss of sexual reproduction and/or rapid population extinction that can threaten populations of obligately outcrossing clonal plants. Where mate availability is limited in such species, or where populations are comprised of a small number of large clones, many of which are often related, self-incompatibilty mechanisms and stigma saturation via self-pollination can lead to sexual reproductive failure and subsequent extensive loss of genetic variation (e.g. Willi et al., 2005; Scobie and Wilcock, 2009 ). Nevertheless, ongoing inbreeding remains a potential threat to the fragmented, peripheral populations investigated in the present study.
Conservation implications
In the present study, the transient nature of H. monotropa was noted at both the population level and at the individual level within populations. Even large populations have been observed to disappear within a few years (Lockton and Walker, 2010) , which poses a problem when trying to estimate census numbers for the species, as the actual numbers of individuals will not be truly known if a survey was carried out in any single year. Furthermore, an additional issue when attempting to identify census numbers for H. monotropa is the incidence of clonal growth. As aerial spikes do not necessarily represent separate genets, they may in fact represent multiple ramets of the same genet. Genetic analyses over successive years therefore provide vital information on the dynamics of these threatened populations. Although the present study only considered a 2-year period at each location, no significant differences were observed in genetic diversity or composition of the populations between successive seasons, with the exception of a single decrease in diversity in one population. Given the high levels of inbreeding in Northern Ireland's remaining populations of H. monotropa, however, further genetic monitoring would be advisable to ensure that genetic diversity is maintained. If levels of genetic diversity were to drop to the extent that some form of 'genetic rescue' is required, then the genetic distinctness between populations revealed by the AMOVA analyses should be taken into account, both in terms of possibly maximizing genetic diversity, but still considering the potential for outbreeding depression (Frankham, 2010) . Furthermore, the small and fragmented nature of remnant populations, with low numbers confirmed by the capture -recapture calculation across successive years, leaves them vulnerable to stochastic extinction events.
SUPPLEMENTARY DATA Supplemenatry data are available online at www.aob.oxfordjournals.org and consist of 25 distribution maps of individuals within each population.
